The UV/optical variations in many AGN are very well correlated, showing delays which increase with increasing wavelength. It is thought that this is due to thermal reprocessing of the X-ray emission by the accretion disk. In this scenario, the variable X-ray flux from the corona illuminates the accretion disk where it is partially reflected, and partially absorbed and thermalized in the disk producing a UV/optical reverberation signal. This will lead to a time lag increasing with wavelength. However, although the shape of the observed time-lags as a function of wavelength is consistent with the model predictions, their amplitude suggested a disk which is significantly hotter than expected. In this work, we estimate the response functions and the corresponding time lags assuming a standard Novikov-Thorne accretion disk illuminated by a point-like X-ray source. We take into account all relativistic effects in the light propagation from the X-ray source to the disk then to the observer. We also compute the disk reflection, accounting for its ionization profile. Our results show that thermal reverberation effects are stronger in sources with large X-ray source height and low accretion rate. We also found that the time lags increase with height and accretion rate. We apply our model to NGC 5548 and we show that the observed lags in this source can be explained by the model, for a source height of ∼ 60 r g and an accretion rate of a few percent of the Eddington limit for a maximally-spinning black hole.
INTRODUCTION
Active galactic nuclei (AGN) are thought to be powered by accretion of matter onto a supermassive black hole (BH, with a mass M BH ∼ 10 6−9 M ) in a form of an optically-thick, geometrically-thin disk (Shakura & Sunyaev 1973; Novikov & Thorne 1973) . The disk emits a multi-temperature blackbody (BB) spectrum peaking in the optical/ultraviolet (UV) range. The temperature of the disk decreases with radius as T (r) ∝ r −3/4 . A fraction of the disk photons are then Compton upscattered by a medium of hot electrons in the vicinity of the BH, the so-called 'X-ray corona' (e.g., Shapiro et al. 1976; Haardt 1993) . Several lines of evidence are suggestive of a compact corona located at a few gravitational radii Corresponding author: E. Kammoun ekammoun@umich.edu (r g = GM BH /c 2 ) above the BH (e.g., Chartas et al. 2009; Fabian et al. 2009; De Marco et al. 2013; Reis & Miller 2013; Emmanoulopoulos et al. 2014) .
In this case, X-rays from the corona irradiate the accretion disk. Some of them will be reprocessed and re-emitted in the form of the disk 'X-ray reflection spectrum', while the rest will be absorbed, and will increase the disk's temperature. As a result, the UV/optical emission of the disk will be enhanced. Most of the UV photons are expected to emerge from the hot inner regions, while the optical photons are expected to be emitted by the cool outer regions. Consequently, if the X-rays are variable, we expect the disk UV/optical emission to also vary with a time lag increasing with wavelength.
Several multi-wavelength monitoring campaigns, using the Neil Gehrels Swift Observatory (hereafter Swift), have been performed recently to study AGN variability across X-rays, UV and optical at high cadence and over long periods (e.g., McHardy et al. 2014; Shappee et al. 2014; McHardy et al. arXiv:1906.07692v2 [astro-ph.HE] 19 Jun 2019 2018; Cackett et al. 2018; Edelson et al. 2019) . In particular, Fausnaugh et al. (2016) studied the X-ray/UV/optical lags in NGC 5548 using data from the Hubble Space Telescope (HST), Swift and ground-based telescopes. The authors showed that the measured lags are in agreement with the predicted τ ∝ λ 4/3 relation, in the case of a standard ShakuraSunyaev disk. However, they also found that the time lags were larger than expected, at all wavelengths.
In this letter, we study the time-lags vs wavelength relation (hereafter "lag-spectrum") in the context of the lam-post geometry. We investigate the effects of the X-ray source height and the accretion rate on the reverberation signal and the lag spectra. Applying the model to NGC 5548, we find that a standard disk, with a low accretion rate (∼ 0.005 − 0.01 of the Eddington limit) is in agreement with the observed UV/optical lags in this source, as long as the X-ray source height is larger than 40 r g .
MODEL SETUP
We consider a Keplerian, geometrically-thin and opticallythick accretion disk, around a BH of mass M BH and accretion rateṁ. The disk is co-rotating with the BH and its temperature profile follows the Novikov-Thorne prescription (Novikov & Thorne 1973) , with a color temperature correction factor of 2.4. The disk extends from the innermost stable circular orbit (ISCO) at radius r ISCO , up to an outer radius of r out = 10 4 r g . The ISCO radius is uniquely defined by the BH spin. In this work, we consider two extreme cases, one with a * = 0 (r ISCO = 6 r g ) and the other with a * = 1 (r ISCO = 1 r g ). We also assume a point-like X-ray source located at a height (h) on the rotational axis of the BH (i.e., the lamp-post geometry). The X-rays are emitted isotropically (in the rest frame of the lamp-post) with an intrinsic spectrum F X (t) = N(t)E −Γ exp(−E/E C ), and illuminates the disk. Part of this flux is reprocessed and re-emitted in X-rays (this is the 'disk reflection component') and part of it is absorbed. We assume that the X-ray source is variable in normalization only.
Let us assume that the X-ray source emits a flash with flux F X0 at time t 0 , with a duration ∆t. Hence, an incident primary flux F inc (r, τ ) (in the disk's rest frame) will reach the disk at a radius r, and at a time τ . If F ref (r, τ ) is the flux that is reflected from the disk, then
is the flux absorbed by the disk. This flux is then added to the original disk flux assuming a Novikov-Thorne profile, F NT (r), and the sum can be used to estimate the disk temperature, as a function of radius and time, as follows,
where σ is the Stefan-Boltzmann constant. Then we compute the disk response, Ψ, to the short X-ray flash. To do that we identify all the disk elements (in radius, r, and azimuth, ϕ) that a distant observer will "see" to be illuminated at the same time. Note that the temperature of each of these elements, T new , will be different for each of them. Then we compute the flux that the observer receives, at a time τ obs , from all these elements in a given waveband, ∆λ, between, say, λ min and λ max . Let us denote this flux as F rev (∆λ, τ obs ). Let us also denote with F NT (∆λ), the flux of these elements, in the same band pass, when their temperature is equal to the Novikov-Thorne. We define the disk's "response function" in a given waveband as follows,
for each time, τ obs , as the illumination progresses across the disk. The equation above shows the "extra" flux that is emitted by the disk, at each time τ obs (in the observer's frame), due to the heating caused by the absorption of the incident X-rays. We note that the response function is normalized to the observed X-ray flux. The total (observed) flux emitted by the disk in the ∆λ band, and at time τ obs will then be equal to,
(4) All the computations mentioned above were performed using the KYNXILREV 1 model (M. Dovčiak et al., in prep.) . Given the observed 2-10 keV band luminosity of the X-ray source, the model estimates the intrinsic luminosity and the incident flux on each disk radius, as a function of time (in the observer's frame), taking into account all the relativistic effects in the propagation of light from the primary source to the disk. Given the incident X-ray flux on the disk at each radius, the model estimates the radial ionization profile of the accretion disk assuming a constant disk density 
THE DISK RESPONSE
To compute the disk response we chose model parameters values that are applicable for NGC 5548. In particular, we assumed an M BH = 5 × 10 7 M (Bentz & Katz 2015) , and an inclination of 40
• . Using the results presented by Mathur et al. (2017) , assuming a power-law photon index Γ = 1.5, we estimate the observed 2-10 keV luminosity of the source to be L X /L Edd = 0.0034. We also assumed a high-energy cutoff of 300 keV, and a luminosity distance of 75 Mpc as listed in the Simbad database (Wenger et al. 2000) .
Using these values, we computed Ψ, considering eight values for the lamp-post height [h(r g ) = 2. 5, 5, 10, 20, 40 ,60, 80, 100] and eight values of the accretion rate [ṁ/ṁ Edd (%) = 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10]. We assumed a disk density n H = 10 17 cm −3 , and BH spins a * = 0 and 1. We also consider the following wavebands presented by Fausnaugh et al. (2016) : HST λ1158, HST λ1367, HST λ1746, Swift UVW2, Swift UVW1, and the U, B, V, R, I Johnson-Cousins. We assumed top-hat transmission curves for all filters, with a width of 5 Å for each of the HS T bands, 1066 Å and 2892 Å for the R and I filters 3 , and the widths listed in (Edelson et al. 2015) for the UVW2, UVW1, U, B and V filters.
Effects of the accretion rate
The left panel of Fig. 1 shows the response functions for all the values ofṁ, for a * = 0 and 1, in the HST λ1158 and the I bands (the shortest and longest wavelengths, respectively), 3 https://www.aip.de/en/research/facilities/stella/instruments/data/ johnson-ubvri-filter-curves for h = 10 r g . First, the responses for all accretion rates and in both bands (actually in all bands) start rising at the same time. This is due to the fact that all disk elements emit a BB spectrum and, at the beginning, we observe elements close to the BH whose temperature is such that λ max is shorter than 1158 Å. Consequently, the flux even at the shortest wavelengths will start increasing at the same time.
Second, Ψ increases in amplitude and gets narrower as the accretion rate decreases. The former effect is due to the fact that the disk temperature decreases with decreasingṁ, thus F NT (r) is smaller. Consequently, for a constant X-ray luminosity,F abs (r) will increase, hence the disk excess flux (i.e., the disk response) will increase for lowerṁ values. Regarding the second effect, we note that, in general, Ψ starts decreasing when the temperature of the disk elements, contributing to the observed flux in a given wavelength range, is so low such that the flux comes from the Wien part of the spectrum. As time passes, we observe emission from disk elements which are located further out and are colder. As a result their emission at short wavelengths is diminished, hence the smaller width of response functions at short wavelengths (for allṁ and h, as seen in the next section). At the same time, asṁ decreases, the overall temperature (eq. 2) decreases. Thus, the response function (at a given wavelength) will start decreasing at earlier times, causing the full response function to be narrower for lowerṁ.
Effects of the lamp-post height
The right panel of Fig. 1 shows the response functions for all the values of h, for spins 0 and 1,ṁ/ṁ Edd = 1% and the HST λ1158 and the I bands. As expected, the larger the height of the lamp-post the later the response function starts, and the longer it lasts. This is due to the light travel time from the X-ray source to the disk. In addition, the amplitude of the response functions increases with height. In fact, the incident flux is proportional to the cosine of the incident angle (defined as the angle between the normal to the disk and the photon trajectory; cos θ inc = h/ √ h 2 + r 2 ). Hence, by increasing the height cos θ inc increases leading to a larger incident flux. This effect is mainly important for large radii, where the disk is completely neutral. At smaller radii, as the height increases, cos θ inc still increases but the incident flux decreases due to the increase of the distance of the X-ray source to the disk. At the same time though, the ionization state of the inner parts of the disk decreases, which results in lower F ref , hence larger F abs . Combining both effects the amplitude of the response function increases with height.
We note that the response functions at low spin are broader and have lower amplitudes than the ones for a * = 1. This is due to the fact that for the sameṁ/ṁ Edd value, the physical value ofṁ (in M yr −1 ) is higher in the low spin case 4 . Consequently the disk is hotter and Ψ will have a lower amplitude and will be broader, as explained in the previous Section.
THE TIME DELAYS
Then, we estimate the centroid time delay of the transfer functions at a give wavelength (λ) as follows,
It is this mean time lag that we can compare with the observed time lags between X-rays and UV/optical light curves.The left panels of Fig. 2 show the dependence of τ onṁ (for a * = 0 and 1; h = 10 r g ). The curves in the leftmost panel show that, at a given wavelength, the mean time lag increases with increasingṁ. This is due to the fact that the width of the response increases with increasingṁ. The mean time lag increases with the same rate in all wavebands. In addition, τ is larger and increases in a steeper way with increasingṁ for a non-rotating BH compared to a maximally rotating one. This is due to the fact that the response width is larger and increases more with increasingṁ for a * = 0 (see Fig. 1 ).
The right panels of Fig. 2 shows the mean time lags as a function of source height (ṁ/ṁ Edd = 1%). The mean time lag increases with increase source height, as expected (since the respective responses are delayed and last longer as the height increases; see the right panels in Fig. 1 ). The time lags at a given energy band are slightly larger in the a * = 0 case, because the respective responses are wider.
THE CASE OF NGC 5548
The filled points in Fig. 3 represent the observed time lags between the X-ray and the UV/optical light curves in NGC 5548. They have been estimated by adding 0.65 day (i.e., the observed time lag between X-rays and the HSTλ1367 light curve) to the time lags listed in Table 6 of Fausnaugh et al. (2016) . We compared the observed time lags to our model predictions as follows.
We estimated the χ 2 between the model lag-spectra (for all m and heights; 64 in total for each spin) and the data, and we chose the model time-lags with the minimum χ 2 value (χ 2 min ). The fit was not statistically acceptable neither for a * = 0 nor for a * = 1, χ 2 min = 19.9/8 degrees of freedom (dof), and 19.2/8, respectively. This is most likely due to the fact that the time lag in the U−band appears to be larger compared to the general trend. This was already noticed by Edelson et al. (2015) and Fausnaugh et al. (2016) , and is probably due to an additional delay caused by the BLR (known as the 'Balmer jump ' Korista & Goad 2001) . We re-fitted the observed lags by excluding the U−band point from the fit. In this case, we obtained statistically accepted fits with chi 2 min /dof = 10.8/7 and 10.7/7 (p−value=0.15 and 0.16) for a * = 0 and a * = 1, respectively. The solid (dashed) lines in the same figure indicate the best-fit model to the observed lag spectrum for a * = 0 (a * = 1). We note that some deficit can be seen in the I−band, though not statistically significant. This might be due to r out being smaller than 10 4 r g . The best-fit values of height and accretion rate are (60 r g , 0.25%) and (60 r g , 1%) for a * = 0 and a * = 1, respectively. The best-fitṁ in the case of a non-rotating BH coincides with the lowest value we considered, with a 3-σ upper limit of 2.5%. The 1-σ confidence region ofṁ for a * = 1 is 0.25 − 2.5%. The best-fit accretion rates correspond to 0.0048 and 0.0026 M /year for a * = 0 and a * = 1, respectively. Their difference is smaller than the difference of the best fit values in Eddington units. The best-fit heights are identical in both cases, with the 3-σ confidence region being (40 − 80 r g ) and (20 − 80 r g ) for a * = 0 and a * = 1, respectively.
CONCLUSIONS
We calculate the disk response functions in various wavebands when it is illuminated by X-rays assuming a lamp-post geometry. We considere all relativistic effects in the light propagation from the X-ray source to the disk and from the disk to the observer. We also account for the disk X-ray reflection by computing the disk ionization at each radius.
We found that: i) the delays between X-rays and optical/UV bands increase with increasing source height and increasing accretion rate, and ii) the disk response in all UV/optical bands increases when the source height increases and the accretion rate decreases. Therefore, we do not expect a strong thermal reverberation signal in objects with high accretion rate and strong X-ray reflection signatures like, for example, the X-ray bright narrow-line Seyfert-1 galaxies.
Using reasonable values for the model parameters (i.e., BH mass, inclination, X-ray spectral slope and mean flux) we explained the observed time-lag spectrum in NGC 5548. The best-fit results indicate a source height larger than 20 or 40 r g (3-σ limit for a * = 1 or 0, respectively). This is significantly larger than 4−5 r g which is the height estimate from the modeling of the X-ray time-lags in a few bright Seyferts, assuming the same geometry (i.e., Emmanoulopoulos et al. 2014; Epitropakis et al. 2016; Chainakun et al. 2016; CaballeroGarcía et al. 2018) . Nevertheless, our results are in agreement with Brenneman et al. (2012) who inferred a height of the X-ray source in NGC 5548 ∼ 100 r g . An alternative solution is provided by Gardner & Done (2017) . Their model consists of a puffed-up, Comptonized inner disk region. They proposed that that the continuum UV/optical lags are due to the expansion/contraction of this region, in both radius and height, in response to the variable X-ray heating of its inner edge. We also note that our results depend on the assumption of a thin, plane-parallel Novikov-Thorne disk. Different disk geometries (a tilted disk for example; Nealon et al. 2015) might affect the source height estimation, however exploring this goes beyond the scope of our work.
As for the accretion rate, the best-fit values indicate rates which are ∼ 1 per cent of the Eddington limit. According to Fausnaugh et al. (2016) , the mean source flux at 5100 Å is ∼ 4.6 × 10 −11 erg s −1 cm −2 . Assuming a bolometric correction factor of 7.8 ± 1.7 (Krawczyk et al. 2013) , this implies a bolometric luminosity of (2.5 ± 0.5) × 10 44 erg s −1 , which is 0.034 ± 0.008 of the Eddington luminosity limit for M BH = 5.7 × 10 7 M . This value is at odds with theṁ estimate for a * = 0 (the 3σ upper limit is just 0.025) but entirely consistent with theṁ estimate considering a standard accretion disk around a maximally rotating BH.
Contrary to our results, Starkey et al. (2017) found that a standard disk, with a lowṁ, is ruled out by the data. A significant difference between theirs and our modeling is that they kept h fixed at 6 r g and let the inclination free, while we fixed the inclination to 40
• and let h free. In addition, we do not assume a fixed albedo for the disk, but we compute the flux that is reflected by the disk, at each radius, based on its ionization state accounting for all relativistic effects. Furthermore, we compute the time lags using the model disk response functions, without assuming that all variations in the UV/optical light curves are due to thermal reverberation.
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